Introduction
============

Together with human migration, particularly of nomads ([@msy208-B76]), domestic sheep (*Ovis aries*) have spread almost worldwide after their domestication in the Fertile Crescent ∼9,500--10,000 years before the present (BP) ([@msy208-B113]). During their domestication and subsequent dispersal, sheep and other major livestock species have precipitated the socioeconomic transformation from a hunter-gatherer lifestyle to seminomadic and nomadic pastoralism, and to sedentary agricultural settlements in human history ([@msy208-B11]; [@msy208-B46]; [@msy208-B25]). Given the comigration of humans and domesticated animals such as dog, sheep, cattle, and pig, tracing the expansions of domestic animals can inform the peopling patterns of humans ([@msy208-B47]; [@msy208-B100]; [@msy208-B17]; [@msy208-B117]; [@msy208-B70]). The Qinghai--Tibetan Plateau (QTP) forms the high-altitude core of Asia with an average elevation \>4,000 m, encompassing an area of nearly 2.5 million km^2^. Prehistoric human colonization on the QTP can be traced back to at least 20,000 years BP. During the process, large-scale intermittent population expansions have occurred at various stages of the Holocene, facilitated by the advent of human technology (e.g., microliths) and agriculture (e.g., domesticated millet, barley, wheat, and sheep) ([@msy208-B12]; [@msy208-B79]; [@msy208-B115]; [@msy208-B117]). The novel agropastoral lifeway in the late Holocene enabled either permanent human occupation of the QTP (under the model of agriculture-facilitated occupation of the Tibetan Plateau after 3,600 years BP; [@msy208-B12]) or substantial population growth on the plateau (under the model of preagropastoral occupation of the central Tibetan Plateau at ∼7,400 years BP; [@msy208-B66]), particularly the higher-elevation zones (e.g., above 2,000--3,000 m). However, the history of early human migrations, including the timing, route, and number of expansions, remains unclear and poorly understood because of the paucity of archeological data ([@msy208-B12]; [@msy208-B66]).

Previous investigations have indicated that Tibetan sheep originated from northern China during the late Holocene, between 1,800--4,500 years BP ([@msy208-B58]; [@msy208-B109]; [@msy208-B117]). Since then, Tibetan sheep have played an important role in the Tibetan pastoral economy, culture, and society ([@msy208-B11]; [@msy208-B54]). Currently, Tibetan sheep are the most numerous livestock (\>20 million) ([@msy208-B19]) on the QTP. They live and migrate closely with humans, providing a wide variety of raw sources for items such as food, clothing, fuel, transportation, and religious totems and ornaments for the indigenous population (i.e., Tibetan people) ([@msy208-B107]; [@msy208-B14]; [@msy208-B75]; [@msy208-B68]; [@msy208-B54]). Hence, the spread of Tibetan sheep onto the QTP represents an important episode in the late-Holocene human occupation of the plateau.

Genetic mechanism underlying high-altitude adaptation is a topic of great interest in recent years, and has important implications for understanding adaptation in extreme environments and hypoxia-related diseases ([@msy208-B80]; [@msy208-B109]). Whole-genome selective scans have identified positive selection on a set of genes (e.g., *EPAS1*, *EPO*, *EGLN1*, *EGLN2*, and *EGLN3*) in the HIF-1 (hypoxia-induced factors) pathway associated with hypoxia response ([@msy208-B24]) in humans (e.g., Tibetan, [@msy208-B86]; Andean, [@msy208-B105]) and animals (e.g., Tibetan mastiff, [@msy208-B67]; Tibetan pig, [@msy208-B114]; Tibetan schizothoracine fish, [@msy208-B108]; Tibetan sheep, [@msy208-B109]) living at the high elevations. Also, metabolic processes (e.g., energy metabolism) have been invoked to explain the high-altitude adaptation in animals such as yak ([@msy208-B80]), Tibetan antelope ([@msy208-B26]), ground tit ([@msy208-B81]), and sheep ([@msy208-B109]). During their spread throughout the QTP, Tibetan sheep have adapted to various local environmental conditions, and three different ecotypes (oula, valley, and grassland sheep) have been developed ([@msy208-B19]; [@msy208-B54]). Additionally, particular morphological features (e.g., horn size and shape) have been shaped through strong artificial selection driven by local religious and cultural preferences. Only recently have the genetic origin and high-altitude adaptation of Tibetan sheep been studied ([@msy208-B54]; [@msy208-B102]; [@msy208-B109]; [@msy208-B117]). However, previous investigations were heavily limited by a few sampling sites, small numbers of samples, and/or sparse genetic markers, and thus could not accurately characterize the whole-genome landscape or clearly reveal the local demographic history of Tibetan sheep.

Here, we generated a large genomic data set of domestic (1,083 samples from 45 Chinese sheep populations) and wild (four argali \[*O. ammon*\] and one European mouflon \[*O. musimon*\]) sheep. In particular, the data set consisted of whole-genome sequences, single nucleotide polymorphism (SNP) arrays, mitochondrial DNA (mtDNA), and Y-chromosomal variations from 986 Tibetan sheep throughout their distribution range across the QTP ([fig. 1*A*](#msy208-F1){ref-type="fig"} and [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We integrated these data with publicly available genomic data (Ovine SNP50K BeadChip or Ovine Infinium HD SNP BeadChip genotypes of 15 argali and 983 samples from 44 Chinese native sheep populations; 832 mtDNA fragments of Chinese native sheep; and Y-chromosomal variations in 34 argali and 587 Chinese native sheep samples; [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) ([@msy208-B116]; [@msy208-B58]; [@msy208-B117]). We also compiled previous ethnohistorical documentation and archeological records of domestic animals (e.g., sheep) and cultivated plants (e.g., barley and millet) on the QTP ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Based on the synthesis of genomic, archeological, and anthropological data, we aimed to 1) characterize the genomic landscape of different ecotypes of Tibetan sheep throughout their distribution range, 2) describe a refined picture of the genetic and demographic history of Tibetan sheep, 3) detect the genomic traces left by centuries of natural and artificial selection and adaptive introgression from argali in the genomes of Tibetan sheep, and 4) reveal the late-Holocene expansions of early sheep pastoralism and associated Tibetan people across the QTP.

![Geographic locations and population genetic structure of the sheep populations studied. (*A*) Sampling sites and geographic distribution of Chinese sheep and argali (*Ovis ammon*)*.* The scaled graph in the lower left indicates the distribution region of Tibetan sheep (in skyblue) and argali (in pink). (*B*) Population genetic structure of Chinese sheep and particularly Tibetan sheep inferred from the ADMIXTURE analyses (*K *=* *6) using whole-genome sequences (left) and Ovine SNP50K arrays (right). (*C*) Plots of principal components 1 and 2 from PCA analysis of 1,495 Chinese sheep individuals using the Ovine SNP50K arrays. (*D*) Plots of principal components 1 and 2 from PCA analysis of 181 Chinese sheep individuals using whole-genome sequences. (*E*) Neighbor-joining phylogenetic tree of 1,495 Chinese sheep individuals based on Reynolds' distance estimated from the Ovine SNP50K array data, with *O. ammon* as the outgroup. See [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, for the abbreviations of the sheep populations.](msy208f1){#msy208-F1}

Results and Discussion
======================

Whole-Genome Sequencing and SNP Arrays
--------------------------------------

We generated whole-genome sequences of 181 domestic sheep and 5 wild sheep, totaling ∼21 billion raw reads and ∼2,078 Gb of aligned high-quality data with an average depth of 6.5× ([supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). After SNP calling and subsequent stringent quality control (see Materials and Methods), we obtained 44,296,018 high-quality SNPs for all 186 individuals, with a range of 6,019,569--14,518,382 SNPs for each individual ([supplementary table S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). On average, 87.22% of the SNPs identified in the 186 individuals were confirmed in the sheep dbSNP database ([supplementary table S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Of the 186 individuals, 109 have also been genotyped using the Illumina Ovine SNP50K BeadChip. Of the common SNP sites in the 109 individuals (13,090---24,493 SNPs in each individual) that had been analyzed with both methods, an average of 92.42% (85.49--96.78%) consistency was observed for the SNP genotypes per individual, demonstrating the general high reliability of our SNP calls ([supplementary table S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Following the SnpEff annotation, we found that the largest number of SNPs were located in intergenic region (23,287,939, 52.57%), followed by those in the intronic (15,931,804, 35.97%), upstream gene (2,261,964, 5.11%) and downstream gene (1,829,762, 4.13%) regions ([supplementary table S6](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). For the integrated data set of SNP arrays, 48,383 SNPs and 1,618 individuals (from one argali population (15 individuals) and 75 domestic sheep populations) were retained in the population genetics analysis ([supplementary table S1](#sup1){ref-type="supplementary-material"} and [supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

Genomic Variability and Linkage Disequilibrium
----------------------------------------------

As represented by the genome-wide average *θ*~π~ values from the sequences ([fig. 2*A* and *C*](#msy208-F2){ref-type="fig"}) and the *H*~e~ values from the SNP arrays ([fig. 2*B*](#msy208-F2){ref-type="fig"} and [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), the distribution of within-population genomic variability on the QTP and in the whole of China displayed a clear geographic pattern. Within the QTP, the margin and Qinghai subgroups of Tibetan sheep possessed clearly higher nucleotide diversity than the Tibet subgroup based on the *θ*~π~ values ([fig. 2*A*;](#msy208-F2){ref-type="fig"} see below the three subgroups of Tibetan sheep as inferred by the ADMIXTURE analysis). At the national scale, our results recapitulated previous findings ([@msy208-B109]; [@msy208-B117]) that genomic variability was higher in the northern Chinese sheep compared with the Tibetan sheep and Yunnan--Kweichow sheep ([fig. 2*A* and *B*](#msy208-F2){ref-type="fig"}). In contrast, we observed a lower level of genome-wide linkage disequilibrium (LD) in northern Chinese sheep and a higher level of LD in Yunnan--Kweichow sheep and the Tibet subgroup of Tibetan sheep ([fig. 2*D*](#msy208-F2){ref-type="fig"}). Taken together, the observed clinal variations in LD and genomic variability from northern China to different areas on the QTP provided evidence for the fine-scale population structure of Tibetan sheep, suggesting the migration route of domestic sheep onto the QTP as inferred from the ADMIXTURE analysis below. Nevertheless, the differential LD and genomic variability among different sheep populations could be influenced by different husbandry practices. For example, Tibetan sheep populations have undergone long-term local breeding due to geographic isolation, whereas northern Chinese sheep populations have experienced extensive crossbreeding with the exotic fat-tailed sheep from Central Asia ([@msy208-B19]; [@msy208-B117]). Also, the low level of genomic variability and high level of LD detected in the Tibet subgroup of Tibetan sheep could be explained by their lowest effective population size (see below the results of the population demographic history reconstruction) and possibly bottleneck and genetic drift during their expansions from Qinghai.

![Geographic pattern of genetic diversity for Chinese sheep. (*A*) Nucleotide diversity (*θ*~π~) distributions in Chinese sheep groups and Tibetan sheep subgroups from various regions of China. The white dot indicates the median value of each group/subgroup. (*B*) Heterozygosity (*H*~e~) distributions in Chinese sheep groups and Tibetan sheep subgroups from various regions of China. The white dot indicates the median value of each group/subgroup. (*C*) Synthetic maps illustrating the geographic variation in nucleotide diversity (*θ*~π~) in the Tibet and Qinghai subgroups of Tibetan sheep. (*D*) Linkage disequilibrium (LD) decay for five geographic groups/subgroups of populations measured by *r*^2^. (*E*) The proportions of mtDNA lineages in the three subgroups of Tibetan sheep (Tibet, Qinghai, and margin subgroups). (*F*) The proportions of Y-chromosome haplotypes in three subgroups of Tibetan sheep (Tibet, Qinghai, and margin subgroups).](msy208f2){#msy208-F2}

Population Genetic Structure
----------------------------

We explored the population genetic structure of Tibetan sheep in the context of all Chinese sheep populations. In accordance with our earlier studies ([@msy208-B109]; [@msy208-B117]), the principal component analysis (PCA), neighbor-joining (NJ) phylogeny, and ADMIXTURE analyses based on the SNP array and sequence data sets capitulated the major genetic division among the Chinese sheep populations from three large geographic regions: northern China, the Yunnan--Kweichow Plateau, and the QTP ([fig. 1*B*--*E*](#msy208-F1){ref-type="fig"}, [supplementary figs. S1--S3](#sup1){ref-type="supplementary-material"} and [supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Interestingly, our NJ phylogenetic analysis based on the SNP arrays ([fig. 1*E*](#msy208-F1){ref-type="fig"}) supports a closer genetic affinity between Tibetan sheep and the Yunnan--Kweichow populations than that between Tibetan sheep and the northern Chinese populations (i.e., the ancestral population of Tibetan sheep), because the Yunnan--Kweichow sheep were clustered into the Tibetan sheep clade. This could be explained by the fact that the sheep populations on the QTP and the Yunnan--Kweichow Plateau represent the original thin-tailed sheep in China, while northern Chinese sheep have been greatly influenced by later introgressions of fat-tailed sheep from Central Asia and Mongolia ([@msy208-B117]).

Within Tibetan sheep, the NJ tree based on the SNP arrays ([fig. 1*E*](#msy208-F1){ref-type="fig"}) discerned a visible genetic differentiation among the three subgroups of Tibetan sheep from Qinghai, Tibet, and the marginal areas of the QTP. We noted that the Qinghai and Tibet subgroups were not fully separated clades, and a few individuals were roughly located in different branches on the NJ tree. In the analyses of sequences, *F*~ST~ estimates showed that the Tibet subgroup sheep had a closer relationship with the Qinghai subgroup than with the subgroup from the marginal areas of the QTP ([supplementary table S8](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Further ADMIXTURE analyses showed no apparent difference in genetic makeup among most of the Tibetan sheep populations, but a gradual northeast-to-southwest decrease was observed in the genetic components represented by northern Chinese sheep in Tibetan sheep populations, with the margin subgroup showing the highest average proportions (45.84%), followed by a slightly higher level in the Qinghai subgroup (13.83%) than in the Tibet subgroup (12.12%). The observation supported a migration route of ancient sheep from northern China to the marginal areas of the QTP, then to Qinghai, and finally to Tibet during their colonization of the plateau. This migration route was also supported by the declining trend in the ancestral mtDNA lineages (lineages A and B) ([@msy208-B8][@msy208-B9]; [@msy208-B117]) and Y-chromosomal haplotypes (haplotypes H4 and H6) ([@msy208-B116]) in the three subgroups of the margin, Qinghai, and Tibet populations ([fig. 2*E* and *F*](#msy208-F2){ref-type="fig"}, [supplementary figs. S4--S8](#sup1){ref-type="supplementary-material"}, [supplementary tables S9--S13](#sup1){ref-type="supplementary-material"}, and [supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

Population Demographic History Reconstruction
---------------------------------------------

We used the approximate Bayesian computation (ABC) approach and whole-genome sequence data to reconstruct the population history of Tibetan sheep. We compared seven alternative demographic models ([supplementary fig. S9](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) to rigorously infer the most probable divergence pattern and migration route of the three subgroups of Tibetan sheep. *Model-1* showed the best fit to the data because its Bayes factor was three times larger than those of the other six models ([supplementary table S14](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Additionally, this model had the largest marginal density and a high capability of generating simulated data closest to the empirical data ([supplementary fig. S10](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), which provided strong statistical support for its superiority ([supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

The best-supported *Model-1* indicated a stepwise divergence pattern and a northeast-to-southwest migration route for Tibetan sheep. That is, the ancestral populations (*N*~AC~) first arrived in the northeastern area of the QTP and generated the Qinghai subgroup (*N*~QH~) ∼3,114 years ago (*T*~1~, 50% Highest Posterior Density \[HPD\]: 2,363‒3,666; [supplementary table S15](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Subsequently, the *N*~QH~ migrated southwest and generated the Tibet subgroup (*N*~TB~) ∼1,316 years ago (*T*~TB~, 50% HPD: 721‒2,110; [supplementary table S15](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The estimates of effective population sizes were 77,306 (50% HPD: 55,306‒92,270), 46,189 (50% HPD: 31,820‒62,739), and 45,099 (50% HPD: 27,261‒65,712) for the *N*~AC~, *N*~QH~, and *N*~TB~ populations, respectively ([supplementary table S15](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Notably, we found that the estimated posterior distributions of all the parameters recaptured the empirical data in *Model-1* ([supplementary fig. S10](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Additionally, the Kolmogorov--Smirnov test showed an unbiased estimate for parameters GAMMA, *N*~AC,~*N*~NC~, and *N*~TB~, whereas estimates of the other parameters showed slight deviations from the uniform distribution ([supplementary fig. S14](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Overall, these estimates implied the high credibility of our inferences on the demographic parameter in *Model-1* ([supplementary figs. S9--S14](#sup1){ref-type="supplementary-material"}, [supplementary tables S14--S18](#sup1){ref-type="supplementary-material"}, and [supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

The Late-Holocene Human Occupation of the QTP
---------------------------------------------

We compiled the evidence from a total of 62 archeological sites ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) in previous literature and classified them into two main chronological stages within the late Holocene based on the delimitation of cultures, that is, 5,200--3,600 years BP in the late Neolithic culture (e.g., late Yangshao, Majiayao, and Qijia cultures) and 3,600--2,300 years BP in the Bronze Age culture (e.g., Kayue, Xindian, and Nuomuhong cultures) ([@msy208-B12]; [@msy208-B115]). This synthesized evidence implied that during the late Neolithic (5,200--3,600 years BP), early human societies, mostly farming communities, inhabited the low-altitude northeastern marginal areas of the QTP and lived on a primary crop of millet (87.50% of all archeological sites) domesticated from the neighboring Loess Plateau (\<2,500 m) ([@msy208-B30]) and several domestic animals (e.g., sheep, cattle, pig, and dog; 28.13% of all archeological sites; [supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). At the Bronze stage (3,600--2,300 years BP), humans colonized much higher elevations (\>3,000 m) on the QTP and settled permanently, with the subsistence strategy replaced by growing cold-tolerant cereals such as barley and wheat (90.63% of all archeological sites) ([@msy208-B29]; [@msy208-B28]) and more frequently raising domestic animals (e.g., sheep, cattle, pig, and dog; 34.38% of all archeological sites; [supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). During this stage, the farming system was shifted from millet agriculture to a novel agropastoral system ([@msy208-B51]; [@msy208-B12]). In particular, sheep were the primary domestic animals accompanying humans during both the late Neolithic and Bronze stages (88.89% and 100% of all archeological sites containing animals). Therefore, the expansions of crops (e.g., millet, barley, and wheat) and domestic animals especially sheep occurred along with the permanent human occupation of the QTP, and accordingly the colonization history of Tibetan sheep could help to understand the early human expansions on the QTP.

Notably, our genomic inference regarding the demographic history of Tibetan sheep using whole-genome sequencing data and the ABC modeling framework was in good agreement with the archeological evidence presented above and the recorded human history in ancient China ([fig. 3](#msy208-F3){ref-type="fig"}). More specifically, the inferred route for the spread of Tibetan sheep through the northeastern marginal area to the hinterland of the QTP ([fig. 3](#msy208-F3){ref-type="fig"}) closely mirrored the routeway known as the Tang--Bo Ancient Road ([@msy208-B115]), which extended from Shaanxi to Tibet via Gansu and Qinghai and was historically the easiest pathway for human occupation of the QTP ([@msy208-B12]; [@msy208-B115]). Additionally, the inferred timing supported the hypothesis that sheep farming has facilitated permanent human residence on the QTP in the late Holocene era ([fig. 3](#msy208-F3){ref-type="fig"}) ([@msy208-B12]). Interestingly, the inferred demographic history of Tibetan sheep revealed a two-step pattern for their colonization onto the QTP through an initial movement from northern China to the northeastern QTP (∼3,100 years BP), followed by a later expansion from the northeastern to the southwestern QTP (∼1,300 years BP) ([fig. 3](#msy208-F3){ref-type="fig"}). Climate change could be the major driving force that prompted the colonization of sheep and associated settlement of humans on the QTP because it is renowned for its great impacts on biotic communities and human colonization worldwide, usually associated with latitudinal or altitudinal shifts in species distributions ([@msy208-B74]; [@msy208-B18]; [@msy208-B32]). In particular, the QTP is a region highly sensitive to climate change ([@msy208-B111]), and the increasingly cold and dry climatic conditions after 3,600 years BP favored the expansions of alpine meadow vegetation ([@msy208-B61]; [@msy208-B12]; [@msy208-B59]), which could enable the spread of sheep farming and human settlement on the QTP. Moreover, the establishment of cold-adapted agropastoral economy, including sheep, barley, and wheat, enabled the prehistoric humans to colonize the higher-elevation QTP during the cold and dry climate period after 3,600 years BP ([@msy208-B12]; [@msy208-B115]). Due to a lack of archeological information, little is known about the settlement process on the QTP after 2,000 years BP. Here, our modeling inference for the second stage of colonization by Tibetan sheep ∼1,300 years BP provided evidence of human expansion and settlement during this period. In addition to climate change, demographic pressure was also a potential driver of the human expansion after 2,000 years BP because the cold-adapted agropastoral system yielded high productivity and led to a significant population increase in the northeastern margin of the QTP ([@msy208-B32]). Thus, our findings contribute to a better understanding of the timing and phases of early human settlement on the QTP.

![Integrated diagram of the inferred demographic history of the late-Holocene human and sheep populations on the Qinghai-Tibetan Plateau (QTP). (*A*) Distribution and approximate dates of prehistoric archeological sites of sheep in the QTP and surrounding areas. The thick brown line indicates the Tang--Bo Ancient Road ([@msy208-B12]; [@msy208-B114]). (*B*) A proposed demographic scenario for the development of agriculture on the QTP based on archeological records of domestic animals (e.g., sheep, cattle, pig, and dog) and crops (e.g., millet, barley, and wheat) ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), with sheep and wheat as representative species shown on the figure. (*C*) A proposed demographic scenario of sheep on the QTP based on genetic data in this study. (*D*) The best-supported demographic model of Chinese sheep populations inferred from the approximate Bayesian computation (ABC) approach.](msy208f3){#msy208-F3}

Adaptive Introgression from Argali in Tibetan Sheep
---------------------------------------------------

The TreeMix and *f*~3~-statistic analyses based on the SNP arrays identified eight Tibetan sheep populations (i.e., QNG in TreeMix, [fig. 4*D*;](#msy208-F4){ref-type="fig"} QXD, ZLS, QNX, ZRJ, GGX, QTJ, and QXG in *f*~3~-statistics, [fig. 4*E*](#msy208-F4){ref-type="fig"}) as being admixed with argali. To more comprehensively and accurately test for genomic evidence of potential argali introgression in Tibetan sheep, we employed whole-genome sequences to calculate the efficient *D* statistics ([@msy208-B27]) for each combination of Tibetan sheep and argali using the form \[\[\[*HUS*, *TIB*\], *ARG*\], Bighorn\]. In the form, Bighorn (i.e., Bighorn sheep) represents the outgroup, ARG (i.e., argali) represents the candidate introgressor, and TIB (i.e., Tibetan sheep) and HUS (i.e., Hu sheep) refer to the tested and reference domestic sheep populations from high and low altitudes, respectively. The results showed that genomic segments of argali have introgressed into the genomes of Tibetan sheep, with a significant signal observed in 36 out of 1,472 groups (*D *=* *0.0101--0.0146; *Z *\>* *3; [supplementary table S19](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). To further locate the introgressed genomic regions in the genomes of Tibetan sheep, we computed the modified *f*-statistic (*f*~d~) value ([@msy208-B63]) for each 100-kb window (with a 20-kb step) across the genomes. Based on the cutoff *P *\<* *0.05 and the combination of overlapped introgressed regions, we detected 972--1,098 nonoverlapping significantly introgressed genomic tracts from argali for each Tibetan sheep population ([supplementary table S20](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), which have a total length of 136,910,467--151,541,991 bp and cover ∼5.23--5.79% of the whole genomes ([fig. 5*A*](#msy208-F5){ref-type="fig"}, [supplementary fig. S15](#sup1){ref-type="supplementary-material"} and [supplementary table S21](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). As a putatively introgressed tract could be a product of either genetic introgression or incomplete lineage sorting ([@msy208-B38]), we estimated the probability of incomplete lineage sorting for the introgressed regions identified above ([supplementary table S20](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Using a generation time of 3 years ([@msy208-B117]) and a recombination rate of 1.0 × 10^−8^ ([@msy208-B43]) for sheep and a divergence time of 2.36 Ma between argali and sheep ([@msy208-B110]), the expected length of a shared ancestral tract was *L *=* *1/(1.0 × 10^−8^ × \[2.36 × 10^6^/3\]) = 127.12 bp and the probability of a length of at least 80,377 bp (i.e., the observed introgressed regions were 80,377--479,930 bp) was 1 − GammaCDF(80,377, shape = 2, rate = 1/*L*) = 0. Thus, the identified introgressed regions in Tibetan sheep were unlikely to be due to incomplete lineage sorting. The proportion of 5.23--5.79% introgression is higher than that observed in Eurasian people (1--4% from Neanderthals) ([@msy208-B27]), but lower than the upper bounds reported for North American brown bears (3--8% from polar bear) ([@msy208-B55]; [@msy208-B7]) and canid (1.4--27.3% from Taimyr wolf to dog; up to 25% from dog to Eurasian wolf) ([@msy208-B87]; [@msy208-B22]).

![Identification of genomic regions at the *RXFP2* locus introgressed into Tibetan sheep from argali. (*A*) Genome-wide distribution of pairwise *F*~ST~ values between plain-polled and plateau-horned sheep computed by the Ovine SNP50K arrays (see detailed information in [supplementary table S36](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). (*B*) Genome-wide distribution of pairwise *F*~ST~ values between plain-horned and plateau-horned sheep computed by the Ovine SNP50K arrays (see detailed information in [supplementary table S37](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). (*C*) Smoothed *F*~ST~ values between the Tibetan and non-Tibetan sheep populations across chromosome 10. (*D*) Inferred neighbor-joining phylogenetic tree showing the genetic relationships among Chinese sheep populations with 10 migration edges. ARG (*Ovis ammon*) was used as the outgroup to root the tree. (*E*) Outgroup *f*~3~ statistics between ARG and all Tibetan sheep populations using the Ovine SNP50K arrays, with significant results (*f*~3~ value \< 0) shown on the figure. (*F*) Evidence of introgression at the *RXFP2* locus identified by PCAdmix and CIWI approaches. The distribution of the concordance score (*A*-scores) and CIWI score across chromosome 10 is plotted at the top of the panel and indicates the concordance of ancestry assignment among 20 individuals from a Tibetan sheep population (Dulan population, QXD). The *A*-scores estimated by five alternative reference populations (Guide \[GDS\], Maqin \[QGL\], Hongyuan \[SAB\], Gonjo \[ZCG\], and Comai population \[ZSC\]) are displayed by five colored segments, and the CIWI score inferred from the *A*-score is shown by the black line. Distribution of PCAdmix results for QXD63 (No. 3) across chromosome 10 is shown on the middle of the panel. PCAdmix results of QXD63 (No. 3) were estimated by five alternative reference populations (GDS, QGL, SAB, ZCG, and ZSC). The distribution of PCAdmix results of 20 individuals from QXD across chromosome 10 is plotted at the bottom of the panel. GDS was used as a reference population to perform the PCAdmix analysis. (*G*) The patterns of genotypes of the introgressed genomic region (chr10: 29,435,112--29,509,145) among 165 domestic sheep and 4 argali as well as the horn type phenotype (also see [supplementary fig. S21](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) are shown on the top. The alignment of protein sequences from the *RXFP2* genes from 165 domestic sheep and 4 argali is plotted at the lower left. The amino acids of two nonsynonymous substitutions (*rs418377036* and *rs427658118*) in the sheep reference genome Oar v.4.0 are marked in red. Amino acids identical to or different from those in the reference genome are indicated by green and pink, respectively. The genotype frequency distributions of *rs418377036* and *rs427658118* among sheep groups with different horn phenotypes are plotted at the lower right.](msy208f4){#msy208-F4}

![Identification of genomic regions at the *HBB* locus introgressed into Tibetan sheep from argali. (*A*) Genome-wide distribution of *f*~d~ values calculated for 100-kb windows with a 20-kb step across the genome for a Tibetan sheep population (Gansu Maqu population, GMA). Each dot represents a 100-kb window and the dashed line indicates the significance threshold (*P *\<* *0.05). (*B*) Neighbor joining (NJ) tree of 165 domestic sheep individuals from northern China and Tibet and 4 argali individuals based on pairwise *p*-distances using the SNPs in the introgressed genomic region (chr15: 47,400,001--47,500,000). (*C*) Mean pairwise sequence divergence (*d~xy~*) of the introgressed genomic region on chromosome 15 between argali and two Chinese sheep populations. The Hu sheep (HUS) and Gansu Maqu (GMA) populations represent northern Chinese sheep from the low-altitude region and Tibetan sheep with signatures of argali introgression, respectively. (*D*) Population differentiation (*F*~ST~) around the introgressed genomic region on chromosome 15 between argali and Gansu Maqu (GMA) populations. (*E*) The pattern of genotypes among 165 domestic sheep and 4 argali of the introgressed genomic region (chr15: 47,431,866--47,485,446). (*F*) Alignment of protein sequences in the *HBB* genes from 165 domestic sheep and 4 argali. The amino acids of 21 nonsynonymous substitutions in the sheep reference genome Oar v.4.0 are marked in red. Amino acids identical to or different from those in the reference genome are indicated by green and pink, respectively.](msy208f5){#msy208-F5}

To identify the most significantly introgressed genomic regions, we extracted the blocks showing the top 10 *f*~d~ values for each of the 19 Tibetan sheep populations tested, and then pinpointed the compilation of the top 10 blocks across all 19 populations ([supplementary table S22](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Functional annotation of the 43 genes located within the most significant genomic regions using DAVID v.6.7 ([@msy208-B35]a, [@msy208-B36]) revealed major Gene Ontology (GO) enrichment associated with blood oxygen metabolism (GO:0005833, hemoglobin complex, *P *=* *1.26E-06; GO:0005344, oxygen transporter activity, *P *=* *3.77E-06; GO:0019825, oxygen binding, *P *=* *5.78E-06; GO:0020037, heme binding, *P *=* *1.74E-03) and olfactory transduction (oas04740, olfactory transduction, *P *=* *8.28E-04; GO:0004984, olfactory receptor activity, *P *=* *1.62E-03) ([supplementary table S23](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). These GO categories are biologically relevant to the high-altitude adaptation of Tibetan sheep because they imply potential beneficial changes in either the oxygen transportation system or olfactory sensation. Oxygen transportation system is relevant to the rates of blood flow for oxygen delivery and the subsequent supply of oxygen to cells ([@msy208-B4]), thus could provide an adaptive response to the high-altitude hypoxia environment for Tibetan sheep. Olfactory sensation is involved in the sensing of external environments for scent-mediated chemical communication ([@msy208-B80]), which is critical for Tibetan sheep to get adaptation to an increased number of predators (e.g., wolf) in the high-altitude alpine meadow. These adaptive mechanisms have been recognized in many species such as human ([@msy208-B86]), yak ([@msy208-B80]), Tibetan antelope ([@msy208-B26]), Tibetan wild boar ([@msy208-B52]), and Tibetan mastiff ([@msy208-B67]) on the QTP.

In particular, we focused on the top introgressed genomic region encompassing chr15: 47,400,001--47,500,000 because it showed the highest and significant (*P *\<* *0.05) *f*~d~ values in 14 of the 19 Tibetan sheep populations tested ([supplementary table S22](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We inspected the region to confirm that it is in fact a product of genetic introgression as opposed to shared ancestral polymorphism. We computed the mean pairwise sequence divergence (*d~xy~*) between the argali and either the Tibetan sheep or the northern Chinese sheep (e.g., Hu sheep in East China) from low-altitude region. The results showed that the *d~xy~* value in the focused region was significantly reduced in Tibetan sheep but highly elevated in the northern Chinese sheep ([fig. 5*C*](#msy208-F5){ref-type="fig"} and [supplementary fig. S16](#sup1){ref-type="supplementary-material"}*A*, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), which is expected under a scenario of genetic introgression. We also estimated the genetic differentiation (*F*~ST~) between argali and Tibetan sheep, and found that the *F*~ST~ value was lower in the top introgressed genomic region than in the rest of the genome ([fig. 5*D*](#msy208-F5){ref-type="fig"} and [supplementary fig. S16](#sup1){ref-type="supplementary-material"}*B*, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Additionally, the NJ phylogenetic tree based on the pairwise genetic distance (i.e., *p*-distance) of the top introgressed genomic region displayed a clear divergence pattern in which most Tibetan sheep were much closer to argali (*O. ammon*) than to the northern Chinese sheep ([fig. 5*B*](#msy208-F5){ref-type="fig"}). Hence, these results collectively supported that the shared pattern of the focused region was due to argali introgression into Tibetan sheep.

To further dissect the genetic and functional characteristics of the top introgressed genomic region, we compared the genotypes of the SNPs in the region for argali, Tibetan sheep, and northern Chinese sheep. Notably, we found that the genotype pattern of Tibetan sheep was highly similar to that of argali but strikingly different from that of the northern Chinese sheep ([fig. 5*E*](#msy208-F5){ref-type="fig"}). Functional annotation analysis further revealed that this region encompassed the genes *HBE* (hemoglobin subunit epsilon) ([@msy208-B39]) and *HBB* (hemoglobin subunit beta) ([@msy208-B60]). Within the *HBB* gene, 21 SNPs showed changes in the amino acid sequence (e.g., Val2Met, Gln40Arg), codon (e.g., GTG \> ATG, CAG \> CGG), and the nucleotide sequence (e.g., 47448175 G\>A, 47448419 A\>G) as well as significant differences in the frequencies of specific alleles between the high-altitude sheep (Tibetan sheep, *n *=* *84) and the low-altitude sheep (northern Chinese sheep breeds in the low-altitude region, *n *=* *81) ([fig. 5*F*](#msy208-F5){ref-type="fig"} and [supplementary table S24](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), suggesting the importance of *HBB* gene for sheep living in the high-altitude, low-oxygen environment. In fact, the beta-globin genes are known to play an important role in hypoxia adaptation because of their crucial functions in oxidative metabolism ([@msy208-B1]; [@msy208-B72]). In particular, previous works have widely reported that variants in the *HBB* gene could alter the oxygen affinity of hemoglobin in Tibetans ([@msy208-B112]) and high-altitude animals ([@msy208-B69]; [@msy208-B78]; [@msy208-B67]), and thus facilitate the adaptive response to hypoxia. Additionally, the introgression of the *HBB* gene from wild to domestic animals has been observed in several species such as cattle (*Bos taurus*) ([@msy208-B93]) and Tibetan mastiff (*Canis lupus familiaris*) ([@msy208-B67]). These pieces of evidence suggested that this introgression from argali could have improved the oxygen transport properties of Tibetan sheep and enabled them to rapidly adapt to the hypoxic plateau environment.

We also tested for genetic introgression using the "Consistently Introgressed Windows of Interest (CIWI)" approach ([@msy208-B3]) based on the SNP arrays and identified 1,956 genes that exhibited strong introgression signals in five or more Tibetan sheep populations ([supplementary tables S25--S28](#sup1){ref-type="supplementary-material"} and [supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). To explore the introgression signals common to the SNP array and sequencing data, we extracted the genomic regions that showed the top 10% *f*~d~ values in at least five Tibetan sheep populations (i.e., the same criterion as the SNP arrays) from the genetic introgression test based on sequences ([supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). This extraction yielded 7,209 argali-introgressed genomic regions harboring 1,590 genes from the sequencing data. Interestingly, a large number (i.e., 37--362; [supplementary table S29](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) of these genes were common to the introgressed genes reported for other domesticated animals from the phylogenetically related species ([@msy208-B13]; [@msy208-B106]), including genes related to nervous system (e.g., *CNTN5*, *PTPRZ1*, and *UNC5C*) and body shape (e.g., *GNPDA2*, *CPE*, and *SGCB*) and hypoxia-associated genes (e.g., *NOS2*, *IL1A*, and *ANGPT1*) in the HIF-1 pathway ([supplementary table S29](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). For the 263 genes shared between the sequencing (263/1,590 = 16.54%) and SNP array (263/1,956 = 13.45%) data ([supplementary table S30](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), we performed GO annotation analysis and found that the main functional enrichments of these genes were associated with nervous system, brain and muscle development, obesity phenotype and diabetic retinopathy ([supplementary table S31](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), which could be explained by the importance of a quick response to external environment, muscle function, body shape, and visual perception for Tibetan sheep to cope with the harsh environment on the QTP, as indicated in a recent study ([@msy208-B73]). There is a discrepancy between the two sets of introgression genes, which could be resulted from the differences in methodologies, density of genetic markers, and sample sizes.

Among the common genes detected in the two different data sets, *RXFP2*, a major gene for sheep horn status (e.g., presence or absence, morphology in domestic and wild sheep) ([@msy208-B43]; [@msy208-B41]; [@msy208-B42]; [@msy208-B104]; [@msy208-B73]), is prominent in both introgression tests ([fig. 4*F*](#msy208-F4){ref-type="fig"}). Additionally, the SNP genotypes in a specific genomic region (chr10: 29,435,112--29,481,215) of the *RXFP2* gene exhibited patterns that were clearly similar between argali and Tibetan sheep (e.g., plateau-horned), but different from those in the low-altitude sheep (e.g., plain-horned and plain-polled; [fig. 4*G*](#msy208-F4){ref-type="fig"}). Moreover, two missense variants, *rs418377036* (Glu667Lys/1999 C\>T) and *rs427658118* (Val653Met/1957 C\>T), were found to have significantly differentiated genotype frequencies among the plain-polled, plain-horned, and plateau-horned populations ([fig. 4*G*](#msy208-F4){ref-type="fig"}). Further characterization of the genotypes of the two missense SNPs in the wild and domestic sheep populations (argali, *n *=* *4; plain-polled sheep, *n *=* *24; plain-horned sheep, *n *=* *62; and plateau-horned sheep, *n *=* *68) showed a more frequent T allele in the high-altitude sheep (e.g., plateau-horned Tibetan sheep), which may serve as an advantage allele for sheep living in the high-altitude environment.

Hybridization between Tibetan sheep and argali has been a common breeding practice adopted by local nomad communities ([@msy208-B119]). Both argali and Tibetan sheep show the phenotypes of large and spiral horns compared with the relatively small horns in the low-altitude sheep populations ([fig. 4*G*](#msy208-F4){ref-type="fig"}) ([@msy208-B91]; [@msy208-B19]; [@msy208-B110]). Our finding indicated that the large and spiral horn phenotype and the associated major gene *RXFP2* in Tibetan sheep are most likely derived from the argali introgression. Interestingly, a recent study on Chinese sheep detected signals of rapid evolution of the horn-related *RXFP2* gene in semiferal Tibetan sheep populations and proposed an alternative explanation that semiferalization is the major factor responsible for the large and spiral horn phenotype and the unique *RXFP2* haplotype observed ([@msy208-B73]). Regardless of the potential different origins of the large and spiral horns, this phenotype is favored by the local Tibetan people because of its important religious and cultural roles (e.g., totem and trophy) throughout history ([@msy208-B21]; [@msy208-B37]; [@msy208-B33]). Additionally, the large horn size is an advantageous phenotype for sheep to obtain more food resources through intraspecific or interspecific competitions in general and for rams to outcompete for more courtships in particular ([@msy208-B77]; [@msy208-B6]).

Selective Signatures Associated with High-Altitude Adaptation in Sheep
----------------------------------------------------------------------

To capture potential genes under divergence selection associated with high-altitude adaptation, we estimated the genome-wide *F*~ST~ values ([@msy208-B103]) between Tibetan sheep on the QTP and northern Chinese sheep from low-altitude region (i.e., defined as non-Tibetan sheep) based on the SNP array data of 1,323 samples from 61 sheep populations ([supplementary table S32](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). With a top 1% *F*~ST~ cutoff (*F*~ST~ ≥ 0.26), we detected a total of three hundred and two 300-kb genomic regions comprising 921 candidate genes ([fig. 6*A*](#msy208-F6){ref-type="fig"} and [supplementary table S33](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Strong selective signals (*F*~ST~ ≥ 0.2722) were highlighted in eight genes (*EPO, TLR4, PIK3CA, PRKCA, EGLN3, EGLN2, IFNGR2*, and *CUL2*; [fig. 6*A*](#msy208-F6){ref-type="fig"}) known to be important components of the HIF-1 (hypoxia-induced factors) pathway ([@msy208-B24]), indicating potential roles for these genes in high-altitude hypoxia adaptation in Tibetan sheep. Specifically, one prominent candidate gene *EPO* encodes a secreted glycosylated cytokine and binds to the erythropoietin receptor to control erythrocyte production. This gene was reported to play a role in successful vascular adaptation in pregnant Andean women ([@msy208-B105]) and in the hypoxia adaptation of a Tibetan schizothoracine fish ([@msy208-B108]) at high altitudes. Furthermore, the genes *EGLN2* and *EGLN3*, which belong to the EGLN family, are cellular oxygen sensors that catalyze and hydroxylate HIF alpha proteins. The EGLN family was demonstrated to be involved in *EPO* production and erythropoiesis in murine zygotes ([@msy208-B23]), and the transcriptomic and proteomic changes of *EGLN3* were linked to high-altitude hypoxic adaptation in Tibetan pig ([@msy208-B114]).

![Manhattan plot of selective sweeps in the Tibetan sheep. (*A*) Genome-wide distribution of pairwise *F*~ST~ values between Tibetan sheep and non-Tibetan sheep computed using the Ovine SNP50K arrays (see detailed information in [supplementary table S33](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The threshold value corresponding to the top 1% of the *F*~ST~ value (*F*~ST~ = 0.26) is shown as the horizontal dashed line. The black dots indicate the significant sites that harbor candidate positively selected genes. (*B*) Genome-wide distribution of pairwise *F*~ST~ values between Tibetan sheep and non-Tibetan sheep computed using the sequence data set (see detailed information in [supplementary table S34](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). (*C*) Distribution of log~10~(*θ*~π·ratios~) between non-Tibetan sheep and Tibetan sheep estimated by the sequence data set (see detailed information in [supplementary table S34](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The top 5% genome-wide significant threshold values of pairwise *F*~ST~ (*F*~ST~ = 0.0846) and log~10~(*θ*~π·non-Tibetan~/*θ*~π·Tibetan~) \[log~10~(*θ*~π\ ratio~) = 0.1502\] for the sequence data set are shown separately by black dashed lines in (*B*) and (*C*), respectively.](msy208f6){#msy208-F6}

Based on the sequencing data, a whole-genome selection scan in 12 representative sheep populations from the QTP (i.e., Tibetan sheep) and the low-altitude regions (i.e., non-Tibetan sheep) identified a total of 3,194 genomic regions (*F*~ST~ ≥ 0.0846, log~10~(*θ*~π·non-Tibetan~/*θ*~π·Tibetan~) ≥ 0.1502; [fig. 6*B* and *C*](#msy208-F6){ref-type="fig"}), encompassing 747 candidate genes ([supplementary table S34](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) under positive selection in Tibetan sheep. Notably, 114 of the argali-introgressed genes (e.g., *HBB*, *HBE*, and *RXFP2*) detected above were also identified to be positively selected ([supplementary table S35](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), providing strong evidence for the adaptive role of such introgressed genes in high-altitude adaptation. From the word cloud analysis, major enrichments of the biological process GO terms of the candidate genes were observed to be associated with metabolic process, biosynthetic process, transcription regulation, and nervous system development and function ([fig. 7*A*](#msy208-F7){ref-type="fig"}), which have been reported to affect high-altitude environment adaptation in humans and animals ([@msy208-B90][@msy208-B89]; [@msy208-B24]; [@msy208-B69]; [@msy208-B78]; [@msy208-B99]; [@msy208-B109]; [@msy208-B67]). Among the candidate genes obtained from the sequencing data, we highlighted a list of genes (e.g., *HBB*, *IFNGR2*, *GAPDH*, *CAMK2D*, *NFKB1*, *SOCS2*, *NCOA3*, and *MITF*; [supplementary table S34](#sup1){ref-type="supplementary-material"} and [supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) that were most likely associated with the adaptation of sheep to high altitude. These genes are functionally related to the hypoxia-induced HIF-1 pathway ([@msy208-B24]; [@msy208-B109]), O~2~/CO~2~ exchange in erythrocytes ([@msy208-B10]), and resistance to ultraviolet radiation ([@msy208-B34]). For instance, the gene *SOCS2* was recently shown to interact closely with the hypoxic *EPO* response in Tibetan sheep ([@msy208-B109]), and its potential role in high-altitude adaptation was implicated in Tibetan goat ([@msy208-B101]) as well. Additionally, we found that 35 candidate genes are located in the central positions of the HIF-1 signaling and its surrounding pathways (including the ubiquitin mediated proteolysis pathway and the VEGF, MAPK, mTOR, P13K-AKT, and calcium signaling pathways) and the pathways of vascular smooth muscle contraction and O~2~/CO~2~ exchange in erythrocytes ([fig. 7*B*](#msy208-F7){ref-type="fig"}). The complex pattern of pathway interactions provided further in-depth insight into the molecular mechanisms underlying the high-altitude hypoxia adaptation of Tibetan sheep ([supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

![Functional enrichments of the candidate positively selected genes detected in the Tibetan sheep. (*A*) Word cloud summarizing 117 biological process terms with significant (*P *\<* *0.05) enrichments from the GO analysis of 747 candidate genes under positive selection in the Tibetan sheep. These GO terms are mainly related to metabolic process, biosynthetic process, transcription regulation, and nervous system development and function. (*B*) Proposed mechanisms of signaling pathways for hypoxia adaptation in sheep. Positively selected genes in the Tibetan sheep are indicated in purple. Pathways related to hypoxia-induced factors (HIF-1) signaling and its surrounding pathway, O~2~/CO~2~ exchange, and vascular smooth muscle contraction are indicated in light blue, light yellow, and light pink, respectively.](msy208f7){#msy208-F7}

In the selection test between Tibetan sheep and northern Chinese sheep at the low altitudes (i.e., non-Tibetan sheep) based on the SNP arrays, we also detected strong selective signals in a few genes (e.g., *RXFP2*, *BMP2*, *PDGFD*, *VRTN*, and *HOXA* gene family; fig. 4*A*--C, [supplementary fig. S17](#sup1){ref-type="supplementary-material"}, [supplementary table S33](#sup1){ref-type="supplementary-material"} and [supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) associated with two iconic morphological features, horn shape and tail configuration, which could be due to long-term artificial and natural selection and the adaptive introgression from argali as described above. Apart from these genes, several novel genes (e.g., *EVX1*, *APOA1BP*, and *APOA2*) and GO categories and pathways (e.g., the GO terms appendage morphogenesis, limb morphogenesis, embryonic skeletal system development and cellular response to oxygen-containing compound, and the regulation of lipolysis in adipocytes and regulation of actin cytoskeleton pathways) were also detected in the pairwise selection tests between populations with different horn and tail phenotypes ([supplementary fig. S17](#sup1){ref-type="supplementary-material"}, [supplementary tables S36--S42](#sup1){ref-type="supplementary-material"} and [supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Interestingly, the homologous genes of *APOA1BP* and *APOA2* (e.g., *APOB* and *APOE*) have recently been reported to affect lipid levels in humans ([@msy208-B56]), which are functionally similar to the roles of *APOA1BP* and *APOA2* in the fat deposition in sheep tail.

Selective Signatures Associated with Ecotypes
---------------------------------------------

In the analyses comparing Tibetan sheep populations of the three ecotypes ([supplementary fig. S18](#sup1){ref-type="supplementary-material"} and [supplementary tables S1 and S32](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) based on the SNP array data set, we observed much higher *F*~ST~ values between the grassland and valley sheep than between the oula and valley sheep ([supplementary figs. S19*A* and S20*A*](https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy208#supplementary-data) and [supplementary tables S43 and S44](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Interestingly, we detected body weight-associated candidate genes in both oula (e.g., *FGF21* and *SLC37A3*) ([@msy208-B5]; [@msy208-B92]) and grassland (e.g., *GHR, CPN1*, and *LEP*) ([@msy208-B83]; [@msy208-B40]; [@msy208-B53]) sheep. Further genomic characterization of the ecotype-associated selective signals based on the sequence data revealed 371 and 360 candidate selected genomic regions harboring 167 and 154 genes in the grassland and oula populations, respectively ([supplementary figs. S19*B*, S19*C*, S20*B*, and S20*C*](https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy208#supplementary-data) and [supplementary tables S45 and S46](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Notably, we found several highlighted genes that are functionally related to body growth and energy metabolism in the genomes of both grassland (body growth: *PRKAA2*, *GHR*, *NR3C1*, and *SOCS7*; energy metabolism: *GBE1* and *NCOA2*) ([@msy208-B62]; [@msy208-B94]; [@msy208-B57]; [@msy208-B84]; [@msy208-B53]) and oula sheep (body growth: *PRKAA2*, *ESR1*, and *SOX9*; energy metabolism: *ADIPOQ*) ([@msy208-B118]; [@msy208-B82]; [@msy208-B95]; [@msy208-B94]).

In the functional enrichments of the candidate genes, we found that the significantly enriched GO term regulation of anatomical structure morphogenesis (GO:0022603, *P*-value = 0.0035) and growth (GO:0040007, *P*-value = 0.0364; [supplementary tables S47 and S48](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) in the oula genome appeared to be functionally relevant to body growth. Thus, these results suggest a breeding practice of local communities targeted at traits such as the body size and weight of the grassland and oula sheep, which have long been serving as the main meat-use animals for Tibetans ([@msy208-B31]). This could further imply that the phenotypic differences among the different ecotypes of Tibetan sheep were most likely the result of the artificial selective forces rather than environmental adaptive pressures as previously thought ([@msy208-B19]).

Conclusions
===========

We performed the first comprehensive and in-depth genomic investigation of Tibetan sheep. Population genomics analyses have unveiled their genomic variability, population structure, demographic history (e.g., timing and route of population colonization of Tibetan sheep), adaptive introgression from argali, and phenotypic variation. Coupled with the archaeological or genetic evidence of humans, plants, and animals on the QTP, our results revealed that permanent human occupation of the QTP occurred in the late Holocene through the Tang--Bo Ancient Road (∼3,100 years BP, from northern China to the northeastern areas of the QTP; and ∼1,300 years BP, from the northeastern areas to southwestern areas of the QTP), likely triggered by climate change, the advent of the agropastoral economy, and the increasing human population. Additionally, our results add the evolutionary mechanisms of adaptive gene introgression from argali into Tibetan sheep (e.g., *HBB*, *HBE*, and *RXFP2*) accounting for their rapid local adaptation. The newly generated genome-wide data are valuable resources for the future genetic improvement of Tibetan sheep and comparative genomic analyses to elucidate the common genetic mechanisms underlying high-altitude genetic adaptation across species.

Materials and Methods
=====================

Sample Collection and DNA Extraction
------------------------------------

We sampled blood or ear tissue from a total of 1,083 unrelated individuals representing 65 populations of Chinese native sheep ([fig. 1*A*](#msy208-F1){ref-type="fig"} and [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), including 81 samples from 20 populations in northern China, 16 from 4 populations from the Yunnan--Kweichow Plateau, and 986 from 41 populations of Tibetan sheep from the QTP. These samples of Tibetan sheep represent the most comprehensive sampling throughout their distribution range and the largest sample size for this local breed in any investigation to date. In addition, four argali (*O. ammon*) individuals from the Pamirs in Xinjiang were collected following the Wildlife Protection Law of China ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The unrelatedness of the domestic sheep samples was ensured by knowledge from local herdsmen and pedigrees. The sample information, such as species/population names and codes, sampling sites and sample sizes, is summarized in [figure 1*A*](#msy208-F1){ref-type="fig"} and [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. All the sampled tissues were preserved in 95% ethanol and stored at −80 °C until DNA extraction. Genomic DNA was extracted from the blood or ear samples using a standard phenol--chloroform method ([@msy208-B85]).

mtDNA Sequencing and Y-Chromosomal Genotyping
---------------------------------------------

A 749-bp fragment of the mtDNA control region was amplified by polymerase chain reaction (PCR). Detailed information on the primers, PCR protocols, sequencing, and sequence quality trimming is provided by [@msy208-B58]. After aligning these newly generated sequences of Tibetan sheep (*n *=* *914, MH261383--MH262296) and publicly available sequences of Chinese sheep (*n *=* *832), we obtained a 422-bp partial sequence of the control region in 1,746 individuals for use in subsequent analyses, including the estimation of sequence variation, the detection of population expansion signatures, and haplotype network construction ([supplementary figs. S4--S7](#sup1){ref-type="supplementary-material"}, [supplementary tables S9--S11](#sup1){ref-type="supplementary-material"}, and [supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

We genotyped 458 rams from 33 Tibetan sheep populations ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) using three Y-chromosomal genetic markers (two SNPs *oY1* and *oY2* and one microsatellite *SRYM18*) ([@msy208-B65]; [@msy208-B116]). The protocols for SNP and microsatellite genotyping are detailed by [@msy208-B116]. By combining the genotypes obtained here and those available publicly ([@msy208-B116]), we constructed the haplotypes and calculated the haplotype diversity ([supplementary fig. S8](#sup1){ref-type="supplementary-material"}, [supplementary tables S12 and S13](#sup1){ref-type="supplementary-material"}, and [supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

SNP BeadChip Genotyping and Statistical Analyses
------------------------------------------------

A total of 620 samples representing 31 populations of Tibetan sheep were genotyped with the Illumina Ovine SNP50K (54,241 SNPs) BeadChip. Details of the genotyping procedures for the SNP BeadChip can be found by [@msy208-B43]. We applied the same procedures and criteria for quality control as used by [@msy208-B43] and [@msy208-B117]. We combined this newly generated data set with publicly available Ovine SNP50K data ([@msy208-B117]), and the integrated genotypes of 998 individuals (from 1 argali population and 75 Chinese native sheep populations) were included in the analyses, which included the estimation of within-population genetic variability, characterization of population structure (e.g., model-based clustering, PCA, and phylogenetic relationship reconstruction), detection of selection signatures, and identification of gene flow between species or populations ([supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

Whole-Genome Sequencing
-----------------------

For whole-genome resequencing, we selected 186 representative individuals from the whole set of samples based on the Ovine SNP50K BeadChip data, comprising 81 animals of 20 populations from northern China, 16 animals of 4 populations from the Yunnan--Kweichow Plateau, 84 animals from Tibetan sheep, 4 argali (*O. ammon*), and 1 European mouflon (*O. musimon*) ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We used \>18 µg (i.e., \>20 ng/µl and \>900 µl) of genomic DNA per sample to construct the libraries. DNA was sheared into fragments of 200--800 bp with the Covaris system (Covaris, Woburn, MA). The fragments were then treated following the Illumina DNA sample preparation protocol, with a process of end repaired, A-tailed, ligated to paired-end adaptors and PCR amplification with 350-bp inserts. The constructed libraries were sequenced on the Illumina HiSeq X Ten platform (Illumina, San Diego, CA) for 150-bp paired-end reads. All samples were sequenced at ∼6.5× coverage.

Sequence Alignment and Variant Calling
--------------------------------------

Raw sequence reads were discarded when they contained ≥10% unidentified nucleotides, ≥ 50% low-quality read bases (*Q*-score \< 5), ≥10 nucleotides overlapped with the adapter sequences, or duplicate reads ([@msy208-B109]). The program Burrows-Wheeler Aligner v.0.7.4 (BWA-MEM algorithm) was then used to map the clean reads to the sheep reference genome Oar v.4.0 with the default parameters. The mapped reads were further filtered by removing multiply aligned reads, and the remaining high-quality reads were kept for variant calling. We used the software Genome Analysis Toolkit (GATK) v.3.3.0 ([@msy208-B64]) to call SNPs according to previous recommendations ([@msy208-B49]; [@msy208-B71]; [@msy208-B97]). In more detail, RealignerTargetCreator and BaseRecalibrator tools were employed to detect misalignments and recalibrate base quality scores, and then HaplotypeCaller and GenotypeGVCFs algorithms were jointly used to call variants. Moreover, to minimize the influence of sequencing and mapping bias, variant sites with QD \< 2.0; FS \> 60.0; MQ \< 40.0; HaplotypeScore \> 13.0; MappingQualityRankSum \< −12.5; ReadPosRankSum \< −8.0 were discarded. Sites showing an extremely low (\<2×) or high average coverage (\>15×) were also filtered out. Following the SNP calling, the toolbox SnpEff v.4.3 ([@msy208-B15]) was used for SNP annotations.

To assess the accuracy of our SNP calling, the SNPs identified here were compared with those from Build 147 of the sheep dbSNP database of the National Center for Biotechnology Information (<http://www.ncbi.nlm.nih.gov/SNP>, last accessed September 11, 2018). Moreover, the genotypes of the SNPs were compared with those on the Illumina Ovine SNP50K BeadChip array (Illumina) for 109 individuals with array data available. The SNP called using the GATK approach was used in subsequent analyses of LD, demographic reconstruction, selection signature detection, and genomic introgression.

ANGSD Analyses
--------------

To avoid potential errors caused by the relatively low sequencing depth in the analyses of genomic diversity and population genetic structure such as PCA, population structuring, and NJ trees, SNP discovery was also performed based on the genotype likelihoods (GLs) calculated from the program ANGSD v.0.915 ([@msy208-B45]), which can take genotype uncertainty into account. In summary, the SAMTools model (-GL 1) ([@msy208-B50]) implemented in ANGSD was used to compute the GLs after mapping the reads, with the parameters "-uniqueOnly 1 -remove_bads 1 -only_proper_pairs 1 -trim 0 -C 50 -baq 1 -minMapQ 30 -minQ 20." A maximum likelihood method was then employed to infer major/minor states based on the GLs, which were further used to estimate allele frequency based on Kim's method ([@msy208-B44]). SNP discovery was subsequently implemented with a likelihood ratio test statistic for the χ^2^ distribution of the allele frequencies and a *P*-value threshold of 1 × 10^−3^.

Genomic Diversity, Linkage Disequilibrium, and Population Genetic Structure
---------------------------------------------------------------------------

The nucleotide diversity (*θ*~π~) was calculated based on a maximum likelihood estimate of the folded Site Frequency Spectrum (SFS) ([@msy208-B44]) using a sliding window approach (50-kb windows with 10-kb steps). The SFS was computed through a two-step procedure implemented in the program ANGSD v.0.915 ([@msy208-B45]): 1) The site allele frequency likelihood was calculated and the associated files (.saf) were generated by the option "-dosaf 1"; and 2) the allele frequency likelihood files (.saf) were optimized using the realSFS program to compute the SFS. To assess the genome-wide LD pattern, the program PopLDdecay v.3.29 (<https://github.com/BGI-shenzhen/PopLDdecay>, last accessed September 11, 2018) ([@msy208-B48]) was used to calculate the average *r*^2^ value with the default parameters.

For the estimation of population structure, PCA was performed using the ngsTools suite implemented in the program ANGSD v.0.915, which accounted for the genotype uncertainties of relatively low-coverage sequencing data. The covariance matrix between individuals was approximated by weighting the posterior probability of each genotype, and eigenvalues for the covariance matrix were generated with the function "eigen" in the R platform. Additionally, phylogenetic NJ tree was constructed based on the pairwise genetic distances estimated using NgsDist ([@msy208-B98]), and population structuring was inferred using NGSadmix ([@msy208-B88]), which was run with a GL-based maximum likelihood method and the number of assumed ancestral populations *K* ranging from 2 to 10. In addition, the *F*~ST~ values between the subgroups of Tibetan sheep were estimated using Weir and Cockerham's method ([@msy208-B103]), with nonoverlapping 50-kb windows sliding in 10-kb increments across the genome.

Demographic History Reconstruction
----------------------------------

Fine-scale population genetic structure analysis indicated that Tibetan sheep could be divided into three genetic subgroups, which generally corresponded to their geographic origins (i.e., Qinghai, Tibet, and the marginal areas of the QTP) ([fig. 1](#msy208-F1){ref-type="fig"}). Intriguingly, the subgroups showed apparent differences in whole-genome genetic variability ([fig. 2*A*--*C*](#msy208-F2){ref-type="fig"}), mtDNA haplotype frequency ([fig. 2*E*](#msy208-F2){ref-type="fig"}), and Y-chromosomal constitution ([fig. 2*F*](#msy208-F2){ref-type="fig"}). To elucidate the demographic history of Tibetan sheep, we employed the ABC approach and whole-genome sequences to test seven competing divergence pattern scenarios. According to the evidence from ancient DNA ([@msy208-B8][@msy208-B9]) and the previously inferred demographic history of Chinese sheep ([@msy208-B109]; [@msy208-B117]), in our model, we set the ancestral sheep (*N*~AC~) as an unsampled "ghost" population that first arrived in China ∼4,800 years BP and subsequently evolved into northern Chinese (*N*~NC~) and nonnorthern Chinese groups ∼3,900 years ago. In *Model-1* and *Model-2*, we assumed a stepwise divergence pattern, in which the nonnorthern Chinese group first gave rise to one of the main subgroups of Tibetan sheep (i.e., Qinghai \[*N*~QH~\] or Tibet \[*N*~TB~\]), and the other main subgroup was later derived from the earlier established subgroup ([supplementary fig. S9](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In *Model-3, Model-4*, and *Model-5*, both main subgroups of Tibetan sheep (*N*~QH~ and *N*~TB~) were supposed to be derived from the nonnorthern Chinese group, but the timing of the divergences in each model was set to be different ([supplementary fig. S9](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In *Model-6* and *Model-7*, the nonnorthern Chinese group first gave rise to one of the main subgroups of Tibetan sheep (*N*~QH~ or *N*~TB~), and later, the other main subgroup was formed by an admixture between the earlier established subgroup and the northern Chinese group (*N*~NC~) ([supplementary fig. S9](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The samples and genetic data set included in the modeling, detailed description of the scenarios, and specific steps of the modeling procedures are presented in the [supplementary information](#sup1){ref-type="supplementary-material"} ([supplementary figs. S9--S14](#sup1){ref-type="supplementary-material"}, [supplementary tables S14--S18](#sup1){ref-type="supplementary-material"}, and [supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

Genome-Wide Scan of Selective Signatures
----------------------------------------

Given the low density of SNP markers in the Ovine SNP50K BeadChip data ([supplementary note](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), we performed an in-depth scan of selection signals associated with high-altitude adaptation in the whole-genome sequences. Twelve representative populations from Tibetan sheep and northern Chinese breeds in the low-altitude region (i.e., defined as non-Tibetan sheep; [supplementary table S32](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) were selected for the analysis. We screened the sheep genomes with nonoverlapping 50-kb windows sliding in 10-kb increments, and estimated the *F*~ST~ and *θ*~π~ ratio (*θ*~π·non-Tibetan~/*θ*~π·Tibetan~) values for each window using vcftools v.0.1.13 ([@msy208-B16]). The overlapped windows within the top 5% of the *F*~ST~ and *θ*~π~ ratio (log~10~-transformed) ([@msy208-B109]) empirical distributions were considered as the candidate selective regions and were subsequently examined for the candidate genes. The candidate genes were then assigned to known KEGG pathways (<http://www.kegg.jp>, last accessed September 11, 2018) involved in hypoxia adaptation to reveal potential molecular mechanisms. To glean the main information from the functional enrichment results, an online Wordcloud generator (<https://www.jasondavies.com/wordcloud/>, last accessed September 11, 2018) was applied to create a word cloud for the significantly (*P*-value \< 0.05) enriched GO terms.

We also employed the whole-genome sequencing data to explore potential selective signals between populations from different ecotypes (e.g., grassland sheep vs. valley sheep and oula sheep vs. valley sheep; [supplementary table S32](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) within the Tibetan sheep. We implemented the same analyses as above by calculating the *F*~ST~ and *θ*~π~ ratio values per window for the tested pairwise populations. The threshold for selective signatures was set as the top 1% of the *F*~ST~ and *θ*~π~ ratio empirical distributions. GO annotation and KEGG pathway analyses of the selective genes were implemented using DAVID v.6.7 ([@msy208-B35]a, [@msy208-B36]).

Whole-Genome Analysis of Genomic Introgression
----------------------------------------------

We used Patterson's *D* statistic ([@msy208-B27]; [@msy208-B20]) to detect high-altitude sheep that shared more derived alleles with argali than with low-altitude sheep. In a typical tree topology \[\[\[*P*1, *P*2\], *P*3\], O\] with "O" as the outgroup, the null hypothesis is that *P*1 and *P*2 shared the same ancestor with *P*3, and that there was no gene flow between *P*3 and either *P*2 or *P*1 after their ancestors split from each other. If the results deviated from the null hypothesis (e.g., gene flow occurred), a positive *D* value would be expected when *P*2 shared more derived alleles with *P*3 and a negative *D* value when *P*1 and *P*3 had more common alleles.

In this study, we used the *D* statistic \[\[\[*HUS*, *TIB*\], *ARG*\], Bighorn sheep\], in which Bighorn sheep (*O. canadensis*) is the outgroup (SRA accession number: SRR501858), ARG (i.e., argali) represents the candidate introgressor, and HUS (i.e., Hu sheep) and TIB (i.e., Tibetan sheep) represent the domestic populations at low and high altitudes, respectively. We tested for the signatures of argali introgression in the genomes of 19 Tibetan sheep populations and used a 5-Mb block size to calculate the *D* value, and the standard error was measured using the weighted block jackknife approach ([@msy208-B63]). The statistical significance of the *D* value was evaluated using a two-tailed *Z*-test, with an absolute Z-score larger than 3 considered to be significant ([@msy208-B20]). Furthermore, we examined the locations of introgressed argali genomes in Tibetan sheep with a modified *f*~d~ value ([@msy208-B63]; [@msy208-B96]), using a 100-kb sliding window with 20-kb increments across the genome. The *P*-value was evaluated from the *Z*-transformed *f*~d~ value, and a region with *P *\<* *0.05 was defined as a significantly introgressed genomic region ([@msy208-B96]).

Since the shared genetic components between species could result from either introgression or common ancestry, we further verified the top introgressed genomic region (see Results) by the statistics of mean pairwise sequence divergence (*d~xy~*). According to the theoretical expectation, introgression would cause reduced *d~xy~* in the target regions, whereas shared ancestry would not lead to lower *d~xy~* values ([@msy208-B63]). Also, the *F*~ST~ value of the top introgressed genomic region was calculated between Tibetan sheep and argali, and lower *F*~ST~ value would be expected in the introgressed genomic regions as compared with the adjacent nonintrogressed genomic regions. In addition, we constructed NJ trees for the domestic sheep and argali based on the pairwise genetic distances among the top introgressed genomic region estimated from the program NgsDist ([@msy208-B98]).

To dissect the genomic architecture of the top introgressed genomic region (see Results), we extracted the SNP genotypes for the region from the whole-genome sequences and compared the pattern of SNP genotypes between argali, Tibetan sheep, and northern Chinese sheep breeds in the low-altitude region. Furthermore, we searched for nonsynonymous mutations representing putative functional variants within the candidate gene (*HBB*) in the top introgressed genomic region. In more detail, the genotypes of 2,471 SNPs within *HBB* (chr15: 47,431,866--47,485,446) were extracted from 165 domestic sheep (including 84 Tibetan sheep and 81 sheep from northern Chinese sheep breeds in the low-altitude region) and 4 argali. Twenty-one nonsynonymous SNP mutations were then identified, and the genotype frequency distribution and the amino acid and nucleotide changes of these SNPs were compared among the argali and different groups of domestic sheep. We also summarized the allele frequencies of missense mutations in the introgressed genomic regions for the different groups.

For the another prominent introgressed gene *RXFP2* (e.g., a major gene for horn status; see Results), we extracted the genotypes of 896 SNPs for this gene (chr10: 29,435,112--29,509,145) from the resequencing data and compared the pattern of the genotypes between the domestic sheep (i.e., plateau-horned sheep, 68 individuals; plain-polled sheep, 24 individuals; plain-horned sheep, 62 individuals) and wild sheep (argali, four individuals) groups. Of these SNPs, two nonsynonymous SNP mutations within *RXFP2* gene were identified and the genotypic distribution of the two SNPs was compared among different sheep groups. In addition, the allele frequencies of missense mutations in the introgressed genomic region of *RXFP2* were summarized for different groups.

Probability of Incomplete Lineage Sorting
-----------------------------------------

Following the methodology described by [@msy208-B38], we calculated the probability of the argali-introgressed tracts in Tibetan sheep due to incomplete lineage sorting. We let *r* be the recombination rate per generation per base pair in Tibetan sheep, *m* be the length of the introgressed tracts, and *t* be the length of argali and Tibetan sheep branches since divergence. The expected length of a shared ancestral sequence is *L *=* *1/(*r *×* t*). The probability of a length of at least *m* is 1 − GammaCDF (*m*, shape = 2, *r *=* *1/*L*), in which GammaCDF is the Gamma distribution function.

We calculated the length of the introgressed tracts (*m*) and filter for those that are too short (i.e., \< *L*) to be confidently introgressed. Firstly, we combined the overlapped introgressed genomic regions to obtain nonoverlapping introgressed tracts. We measured the length for each introgressed tract via the distance between the starting SNP and ending SNP in the tract ([supplementary table S20](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We then excluded the introgressed tracts shorter than *L*, and calculated the total length of the remaining introgressed tracts for each of the 19 Tibetan sheep populations tested ([supplementary table S20](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We estimated the proportion of Tibetan sheep genome that is introgressed from argali using the total introgressed length divided by the sheep reference genome Oar v.4.0 (2,615,516,299 bp; [supplementary table S21](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

Archeological and Genetic Evidence
----------------------------------

To investigate the process and pattern of permanent human occupation on the QTP in the late Holocene (5,200--2,300 years BP) ([@msy208-B12]; [@msy208-B115]), we compiled information from the published literature about prehistoric archeological sites on the QTP and its surrounding areas (Gansu and Sichuan provinces, China) ([@msy208-B2]; [@msy208-B12]). Specifically, we performed an extensive literature review by searching archeological publications in "China National Knowledge Infrastructure" and "Web of Science" and original briefings that included the keywords millet, wheat, barley, and sheep ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Due to the paucity of archeological evidence for humans on the QTP in the late Holocene, we also collected reported genetic evidence of human population history on the QTP ([supplementary table S49](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Then, we synthesized all the collected archeological and genetic evidence for humans and the domesticated species in terms of time, location, and the direction of movement, which revealed the temporal change in subsistence strategy, economic mode, and culture type during the late-Holocene human permanent occupation on the QTP. By integrating the previous evidence and the sheep demographic history inferred in this study, we expect to provide a full picture of prehistoric permanent human settlement on the QTP.
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